Magnetic resonance imaging has demonstrated its usefulness in assessment of normal and abnormal bone marrow. Using MR imaging the continuous change of normal bone marrow composition throughout life and the varied responses of bone marrow to trauma or disease can be monitored [1] .
Introduction
Magnetic resonance imaging has demonstrated its usefulness in assessment of normal and abnormal bone marrow. Using MR imaging the continuous change of normal bone marrow composition throughout life and the varied responses of bone marrow to trauma or disease can be monitored [1] .
Magnetic resonance imaging characterization of location, morphology, distribution, and signal characteristics of a bone marrow abnormality enables diagnosis of a wide range of foot and ankle disorders with a high level of specificity. This pictorial review highlights applications of MR imaging of marrow disorders of the foot and ankle including traumatic and stress-related marrow changes, avascular necrosis, osteochondral defects, arthritic, and neuropathic arthropathies as well as osteomyelitis.
Technical considerations
The MR appearance of bone marrow is influenced by both composition (fat, water, minerals) and the specific imaging sequence used [1] ; however, most of the MR imaging signal characteristics of marrow are dependent on the fat content [2, 3] . A routine MR evaluation of bone marrow of the foot and ankle should include a T1-weighted spin-echo sequence and a fat-suppressed T2-weighted fast spin-echo or short tau inversion recovery (STIR) sequence. Since cellular infiltration within the fatty marrow may be less conspicuous or entirely obscured on T2-weighted fast spin-echo sequences, use of some form of fat suppression is mandatory on T2-weighted fast spin-echo MR images [4, 5] . The most widely used form of fat suppression is frequency-selective presaturation. With this method, however, local field inhomogeneities that arise in areas of significantly varying morphology (e.g., ankle) often result in an uneven fat suppression. The inhomogeneous fat suppres- MR imaging of the foot and ankle: patterns of bone marrow signal abnormalities sion may result in areas of apparent increased signal intensity on T2-weighted fast spin-echo images that simulate areas of marrow infiltration. Field inhomogeneity can lead not only to failure of fat suppression but to inadvertent saturation of the water peak, which can paradoxically obscure areas of true edema. Short tau inversion recovery is a widely used technique for fat suppression and marrow imaging. With this technique fat is suppressed on the basis of its rapid T1 recovery [6] . The STIR sequences are less affected by field inhomogeneities. The STIR sequences have been shown to have a high sensitivity for the depiction of marrow infiltration [6] . More recently, attempts have been made to characterize bone marrow lesions with MR imaging on the basis of differences in the intracellular fat content of bone marrow [7] . The use of chemical-shift imaging relies on obtaining an image in which fat-and water-resonant peaks are obtained first ªin phaseº and subsequently ªout of phase.º This is achieved by altering the echo time (TE). A reduction in signal in the out-ofphase image implies the presence of lipid, whereas an increased or unchanged signal implies its absence. The technique can be useful in identifying the presence of fat coexistent with water in bone marrow lesions. The rationale of this concept is the fact that most neoplastic bone marrow lesions exist as solid masses with progressive destruction and replacement of all lipid and hematopoietic elements.
The use of diffusion imaging for assessing the bone marrow in the foot and ankle, as well as in other body parts, is not yet defined [8] . Although most authorities prefer high-field MR for assessing bone marrow abnormalities of the foot and ankle, the usefulness of low-field MR imaging for this purpose has also been shown [9] .
Intravenous administration of gadolinium-based contrast agents is helpful in evaluation for osteomyelitis or malignant marrow infiltration, and in characterization of a cystic or necrotic area. Uptake of gadolinium chelate by the marrow is usually evaluated on T1-weighted spin-echo sequences or gradient-echo sequences. A pre-injection series is mandatory since the enhanced signal of the lesion may make it equal to the signal of fatty marrow and thus may render it unapparent. T1-weighted sequences with fat presaturation can be used to render the enhancement more obvious.
Normal bone marrow pattern and variants
The foot and ankle are targets of progressive conversion of hematopoetic (red) marrow to fatty (yellow) marrow beginning in early childhood. In a newborn, almost all marrow is red marrow with the exception of epiphysis and apophysis [10] . In the foot conversion of red marrow to yellow marrow begins with the phalanges and progresses rapidly to the axial skeleton [4, 11, 12, 13] .
Marrow conversion occurs first in the distal phalanges, epiphysis, and apophysis. By the age of 5 years marrow conversion is nearly complete in the foot and ankle [4] ; however, isolated islands of red marrow may persist in the yellow marrow as late as 15 years of age [14] . Re- The small foci as well as the larger focus (arrow) are hyperintense (higher signal intensity than muscle) on a sagittal fast short tau inversion recovery (STIR) image (TR/TE: 3880/38 ms; TI: 150 ms) consistent with residual islands of red bone marrow sidual red bone marrow has a pattern of multiple small foci or confluent areas of high signal intensity particularly conspicuous on STIR sequences; however, STIR sequences may be difficult to interpret in children with cancer since high signal intensity lesions may represent both hematopoietic bone marrow or metastatic lesions. Heterogeneous signal is also seen on T1-weighted images, where the residual red marrow is visible as areas of intermediate signal intensity (higher than muscle but lower than fluid) compared with the high-signal background of yellow marrow. This phenomenon is especially useful in children older than 10 years (Fig. 1) . Marrow conversion is often symmetrical, and the tibial epiphysis, talar neck, calcaneus, tarsal joints, and especially the base of the fifth metatarsal bone may contain residual red marrow.
Bone bruise
Bone bruises represent trabecular disruption of the cancellous bone with hemorrhage and edema extending within the medullary space. Bone bruises resolve without sequelae almost always within 8 weeks and invariably within 12 weeks. Bone bruise of the foot and ankle is uncommon, and is most often a sequelae of ankle sprain [15] . Bone bruises are best demonstrated on T2-weighted fat-suppressed or STIR images. Bone bruises may be difficult to detect on non-fat-suppressed MR images. Usually, there is only subtle marrow abnormality on T1-weighted images. Pattern and location of marrow edema in bone bruises may serve as an indicator of the underlying injury vector [15] . If marrow edema is located at the contralateral aspect of the ligamentous tear, a direct impaction should be considered (Fig. 2) . Marrow changes at the site of the ligament attachment are caused by a microavulsion injury (Fig. 2) . Following a rotational injury, ankle bone marrow edema may be seen in the talar neck (Fig. 2) . Direct impact bone bruises are most frequent in the navicular.
Occult fractures
The term ªoccult fractureº is used for a fracture initially not seen by radiography. These fractures are still termed ªoccultº even when confirmed by other imaging tests, or if the fracture is seen in retrospect. Magnetic resonance imaging is an excellent test for the presence of an occult fracture since it is extremely sensitive and more specific than scintigraphy [16, 17] . The MR characteristics of occult fracture are those of poorly defined or speckled areas of bone marrow edema with high signal intensity on fat-suppressed T2-weighted or STIR images (Fig. 3) . In contrast to bone bruises, marrow changes of occult fractures are also present on T1-weighted MR sequences [16] . A fracture line is often, but not invariably, seen [16] . The most common locations for occult fractures are navicular, talus, and calcaneus. Although occult fractures in the talus may have variable appearances, they usually extend through the subtalar joint posteriorly to some degree [18, 19] .
Stress injury
Stress injury is a continuum from the normal response to altered mechanics, to the symptomatic stress response, and eventually to a stress fracture.
Altered mechanics
Altered weight-bearing due to ambulation or internal derangements in the setting of painful conditions of a painful ankle may result in patchy, ill-defined marrow edema best seen on STIR images [20] . The MR images can show the source of altered mechanics which, for example, may represent an acute tendon tear elsewhere in the foot which is causing the patient to their weightbearing. Edema due to altered mechanics is generally without pain at the site of the abnormal signal and resolves spontaneously (Fig. 4) [20] .
Stress response and stress fractures
Stress response may be considered as a subclinical stress fracture caused by an overuse syndrome [16] . Intramedullary, MR changes consist of patchy loss of marrow fat on T1-weighted sequences and ill-defined hyperin- tensity on STIR sequences [16] . A fracture line is not seen.
Stress fractures may occur in bone that is subjected to multiple episodes of stress, none of which is intense enough to cause an acute fracture. They result from rapid adaptation of muscles to stress and relatively slower adaptation of bones to stress. Stress fractures in the foot and ankle may or may not show a visible fracture line. Often a wide area of marrow edema is seen with adjacent periosteal reaction.
Stress fractures are much more common in the lower extremity than in the upper extremity (Fig. 5) . The most common location for a stress fracture is the metatarsals, particularly the second and the third. Other typical locations for stress fractures include the calcaneus and navicular. Occasionally, stress fractures can be occult radiographically, but more often they are suspected and subsequently confirmed by MR imaging. Stress fractures diagnosed initially on MR imaging are mainly those in the intrinsic bones of the tarsus itself, most commonly in the calcaneus followed by fractures of the talus and the navicular [21, 22, 23] . Stress fractures have MR imaging appearance identical to occult fractures.
Subtendinous bone marrow edema
Occasionally, a variable-sized focus of marrow edema may be seen adjacent to a disordered tendon on T2-weighted or STIR images. Subtendinous marrow edema may occur anywhere along the course of the disordered tendon and is most frequently seen with traumatic or degenerative disorders of the posterior tibialis or peroneal tendons or any tendon or bursa involved in an inflammatory arthropathy (Figs. 6, 7 ) [24, 25] . The cause of this marrow edema remains unclear. It may be related to marrow hyperemia and related to tendon friction or it may be a result of hyperemia of the overlaying tendon sheath. Subtendinous marrow edema may be present at the medial malleolus associated with posterior tibialis tendon abnormalities, and at the calcaneus associated with the peroneus longus and brevis tendons, and at the cuboid associated with the peroneus longus tendon [24] . Subtendinous marrow edema has been shown to be associated with ankle pain medially [24] . When subtendinous marrow edema is present at the Achilles tendon insertion, it is usually caused by an inflammatory arthropathy [25] .
Avascular necrosis
In the foot and ankle avascular necrosis (AVN) is most commonly seen following a fracture of the talus, navicular bone, or base of the fifth metatarsal bone [26] . A 50-year-old woman with chronic tendinosis and an interstitial tear of the posterior tibial tendon (arrow) as well as subtendinous bone marrow edema caused by the tendon disorder. Marrow edema (arrowheads) adjacent to the tendon is seen on axial T2-weighted fat-suppressed fast spin-echo MR image (TR/TE: 5000/40 ms) Avascular necrosis is rare following calcaneal fractures and is rare following other metatarsal fractures. The most common systemic disease that causes AVN in the foot and ankle is systemic lupus erythematosis [16] . Other causes of systemic diseases causes AVN in the foot and ankle include alcoholism, Cushing's syndrome and exogenous administration, pregnancy, Caisson disease, alcoholism, and pancreatitis [16] .
The bone marrow signal in AVN is characteristically of low signal intensity on T1-weighted images, which may or may not increase on T2-weighted MR images. Avascular necrosis displays a low signal intensity on T2-weighted images once the lesion shows sclerosis on plain radiographs. The characteristic ªdouble-line signº of AVN is less frequent in the foot and ankle [16] ; however, if the double-line sign is present, systemic disorders should be considered because most post-traumatic AVN lack the classic double-line sign (Fig. 8) . Systemic causes of AVN have a predilection for the talus and the calcaneus.
Osteochondral defects
Osteochondral defects (OCD) of the foot and ankle are most commonly seen in the talar dome and may involve the medial or lateral aspect of the talus [16] . Osteochondral defects laterally are typically seen at or slightly anterior to the equator of the talus; medially, they are seen posterior to the equator of the talus. If an OCDtype lesion is seen in another location, subchondral cysts or geodes should be suspected. The lesions are typically the result of either a single episode of trauma or repetitive minor trauma.
The staging of OCD is determined by whether the overlying cartilage layer is intact [27, 28, 29] . This is difficult to determine and requires high-resolution MR imaging. Sometimes direct or indirect MR arthrography is necessary. There is limited published experience with intravenous gadolinium-enhanced scans to evaluate OCD in the ankle. The classification system is also based whether there is a rim of high signal on T2-weighted images around the lesion [27, 28, 29] . If the high-signal rim is partial, it is a partially loose OCD; if the rim of high signal intensity is complete, it is a loose OCD. This rim, although bright on T2-weighted images, may represent granulation tissue and not fluid. If a cyst is seen underneath the OCD, the defect is invariably loose regardless of what the rim looks like (Fig. 9) . Lastly, if marrow edema is seen about an OCD, it is at least loose in situ. 
Osteoarthritis
Osteoarthritis involves articular cartilage and subsequently subchondral bone. Metatarsophalangeal joints are commonly affected. Less frequently, the subtalar and ankle joints are affected. Due to cartilage loss and joint-space narrowing, reactive marrow edema with subchondral cyst formation is typically present on both sides of the joint giving the appearance of ªkissingº lesions (Fig. 10 ). This is a useful sign since direct visualization of cartilage defects is quite difficult.
422 Fig. 9 A 45-year-old patient with a loose osteochondral defect at the talar dome. Coronal fat-suppressed T2-weighted image (TR/ TE: 7800/90 ms) demonstrates subchondral cystic changes (arrow) at the medial aspect of the talar dome with surrounding marrow edema (arrowheads) Fig. 10 Posttraumatic subtalar osteoarthritis with reactive marrow edema in a 48-year-old male patient. Sagittal fast STIR image (TR/ TE: 4715/39 ms; TI: 160 ms) shows ªkissingº bone marrow edema on both sides of the subtalar joint space (arrows) associated with joint space narrowing. Slight osteoarthritis is also present in the tibio-talar joint 
Inflammatory arthropathies
The foot and ankle are frequently involved by inflammatory arthropathies such as rheumatoid arthritis, Reiter's disease, and psoriasis [30] . Presence of marrow edema is typical for inflammatory arthropathies such as rheumatoid arthritis; therefore, it is helpful to know the target areas for various inflammatory arthropathies. For example, rheumatoid arthritis typically involves the metatarsophalangeal joints, the subtalar joint, the talonavicular, and somewhat less frequently involves the ankle joint and the intertarsal joint [31] . Psoriasis tends to have a ray-like distribution with extensive soft tissue reactive changes all the course of a ray or a digit, and less prominent articular disease [32] . Reiter's disease often causes a periosteal reaction at the malleoli, particularly medially, and about the metatarsals, particularly the fifth metatarsal bone [33] . Extensive subchondral marrow edema without osteophytes is mostly located in the talonavicular or in the subtalar joint and is a frequent finding in early stage of rheumatoid with involvement of the foot. Joint effusion is often seen in patients with inflammatory arthropathies involving the foot and ankle (Fig. 11) .
Septic arthritis
Septic joints show an increased amount of joint fluid and edema in the adjacent soft tissues. The effusions in septic joints are often of higher signal intensity than that of simple fluid on T1-weighted sequences. This occurs 424 Fig. 14 a, b A 35 -year-old female patient with diabetes mellitus in an early stage of neuropathic osteoarthropathy. a Sagittal T1-weighted spin-echo (TR/TE: 600/14 ms) image demonstrates extensive replacement of normal fatty marrow (arrows) by low signal intensity at the level of Lisfranc joints and midfoot. b On a corresponding sagittal fast STIR image (TR/TE: 4700/39 ms; TI: 160 ms) abnormal marrow is bright (arrows). The bones are preserved in shape and alignment. Location and pattern of the marrow edema and lack of destructive changes suggest an early stage of neuropathic osteoarthropathy Fig. 15 a, b A 67-year-old patient with chronic neuropathic osteoarthropathy and no history of superimposed infection. a Sagittal T1-weighted spin-echo image (TR/TE: 500/20 ms) demonstrates decreased signal intensity within the marrow of the amorphic talar neck, anterior calcaneal process as well navicular and cuboid bones. b Disorganization, fragmentation, and marrow edema are visible on corresponding sagittal fast STIR image (TR/TE: 4700/39 ms; TI: 160 ms). The bones of the midfoot are not delineated in their full extent, representing a negative ªghost sign.º This is a characteristic finding in chronic neuropathic osteoarthropathy. In addition, soft tissue swelling is noted because of the proteinaceous content of infectious fluid, causing higher signal on T1-weighted sequences. The synovium in septic arthritis is thickened and enhances intensely following intravenous administration of gadolinium-based contrast agents. In patients with septic arthritis small juxta-articular focal reactive bone marrow edema is present which may be confused with osteomyelitis (Fig. 12) . In true bone infection the bone marrow edema is more extensive than this reactive edema, involving not only the subchondral bone but also central medullary bone.
Osteomyelitis
Osteomyelitis of the foot and ankle is usually a result of contiguous spread. The MR diagnosis of osteomyelitis is based mainly on primary signs which represent replacement of fatty marrow by edema, infiltration by inflammatory cells, hemorrhage, fibrin, and debris. Areas of replaced marrow are seen as loss of fatty marrow signal on T1-weighted images with enhancement following intravenous administration of gadolinium-based contrast agent (Fig. 13) [34] . If there is no enhancement, either a sequestrum is present or the bone is devitalized secondary to poor vascularity [35] . On fat-suppressed T2-weighted or STIR images increased marrow signal representing marrow edema is usually present in osteomyelitis. Since most cases of osteomyelitis in the foot and ankle are secondary to adjacent soft tissue infection, almost always ulcerations or sinus tracts are demonstrated. If sinus tract and ulceration is adjacent to the marrow abnormality, osteomyelitis can be confidently diagnosed.
In certain pathological conditions, such as neuropathic osteoarthropathy and biomechanical stress changes, these primary signs may be equivocal [36, 37] . In these cases secondary signs adjacent to a marrow abnormality, including cutaneous ulcer, cellulitis, soft tissue mass, abscess, sinus tract, and cortical interruption, are extremely helpful for diagnosis of complicating osteomyelitis [36, 37] .
Neuropathic arthropathy
Neuropathic osteoarthropathy can affect various joints in the foot, particularly the Lisfranc and Chopart joints. Radiographically neuropathic arthropathy is characterized by joint debris, joint dislocation, joint disorganization, and preserved bone density [37] . Extensive marrow edema may be seen with neuropathic arthropathy. In an early acute stage (preceding typical destructive chronic changes), diffuse, extensive areas of marrow edema secondary to microtrauma or cartilagenous fibrillation and fragmentation is seen (Fig. 14) .
The diagnosis of osteomyelitis in a neuropathic foot is notoriously difficult due to the frequently concomitant and often confounding arthropathy. Three basic signs may be used to differentiate neuropathic arthropathy from infection. Firstly, if the marrow abnormalities are adjacent to a sinus tract or ulceration presence of osteomyelitis is more likely [35] . The second sign is location. Neuropathic osteoarthropathy typically involves the midfoot and Lisfranc joints and infection occurs secondary to adjacent trauma sites or skin abrasion. In addition, soft tissue changes are more extensive in infection than those of neuropathic arthropathy. Perhaps the most specific sign in this setting is the ªghostº sign [38] . The ghost sign is characterized by a loss of definition of the individual bones (usually tarsal) on T1-weighted images. On STIR or following gadolinium injection, the normal individual outline becomes evident. The ghost sign is absent in neuropathic arthropathy, because the loss of definition on T1-weighted images is due to true fragmentation and disorganization (Fig. 15) . Conversely, the ªghost signº is positive in osteomyelitis.
Conclusion
In this review, various aspects of MR imaging of the foot and ankle including normal variants of the bone marrow of the foot and ankle, as well as the varied responses of bone marrow to trauma, stress, and disease have been discussed. Knowledge about the different patterns of bone marrow signal abnormalties may help distinguish the various types of marrow disorders of the foot and ankle.
